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 Abstract  
This study aims to assess the wind resource of Bhutan using new wind data collected from 20 m 
high stations spread across the country. It attempts to compare with the results of a study 
conducted by National Renewable Energy Laboratory (NREL) USA in 2008. The data used by 
NREL were mostly upper air data and some surface data taken at just 5 m above the ground. Wind 
resource assessment is crucial because at present hydropower is the one and only source of 
electricity in Bhutan. Wind energy will add energy diversity and will enhance energy security. 
This study also provides an overview of the collected wind data, the average speed profile, wind 
direction, power prediction and general recommendations for more accurate data collection at five 
different locations in Bhutan. The analysis is performed to check the consistency of the collected 
data and the missing parameters using simulation tool “Windographer”. This analysis doesn’t 
reveal any prediction of generic wind power as the duration of collected data is just one year with 
many missing data; impending sensible conclusion is too premature. Incomplete data, lack of 
experiences and expertise are some of the limitations. Further detail analysis is essential to 
accurately determine the power prediction and wind turbine sitings across the country addressing 
the economics of wind power generation in view of the rugged mountainous terrain, the difficulty of 
transportation, mounting of crane and hoist and other accessories. It is also required to conduct 
detail local community consultation to identify suitable locations for installing wind data measuring 
instruments. 
 
 
  
Acknowledgement 
 
First of all I would like to extend heartiest gratitude to my sponsor, AusAID for giving me this 
opportunity to study and get good exposure to the outside world. I would also like to thank both the 
academic and non academic members of Murdoch University for making my two year stay in 
Australia very fruitful and lively. I am very much thankful to my supervisor for having accepted 
and guided me all through this dissertation. My special thanks also go to Dr. Trevor Pryor and all 
the faculty member of School of Energy and Engineering. 
 
Department of Energy of Bhutan government has been kind enough in sharing their data. I am very 
grateful to all the people working in DOE for their support. It was because of them that I could visit 
two of the wind stations in Bhutan. 
 
I cannot afford to forget the moral and emotional support rendered by my parents, relatives, 
colleagues and friends. Their kind words have always been helpful.  
 
Last but not the least, I would to thank two most important persons in my life- my beautiful wife 
and my three year old son. They have sacrificed so many things while I was working on this 
dissertation. I hope I will be able to repay them in future. 
 
 
 
 
 
 
 
 Abbreviations and Terms 
 
 
 
ADB   Asian Development Bank 
BPC   Bhutan Power Corporation 
BEA   Bhutan Electricity Authority 
DGPC   Druk Green Power Corporation 
DOE   Department of Energy 
Dzongkhag  District 
FYP   Five Year Plan 
Gewog  Block 
JICA   Japanese International Cooperation Agency 
kV   Kilo Volt (1,000 Volts) 
kWh   Kilowatt-hour 
MOAF  Ministry of Agriculture and Forests 
MOEA Ministry of Economic Affairs 
MW   Megawatt (1,000,000 watt) 
Nu   Ngultrum (Bhutanese Currency US$ 1= 50Nu) 
RED   Renewable Energy Division 
RGOB   Royal Government of Bhutan 
 List of Figures 
Figure 2.1: Map showing location of Bhutan     6 
Figure 2.3a: Energy Supply Mix of Bhutan     8 
Figure 2.3b: Electricity Source of Bhutan     9 
Figure 2.5: Bhutan -50m wind power      12 
Figure 3.2: Location of 20m wind mast in Wangdi    14 
Figure 5.1-1: Average Daily Profile-Gelephu    26 
Figure 5.1-2: Average Monthly Profile-Gelephu    27 
Figure 5.1-3: Monthly Statistics for Wind Speed-Gelephu   27 
Figure 5.1-4: Detailed Study of Average Wind Speed-Gelephu  28 
Figure 5.1-5: Weibul Probability Distribution Function-Gelephu  29 
Figure 5.1-6: Average Daily Profile for Power Density-Gelephu  30 
Figure 5.1-7: Average Wind Direction-Gelephu    31 
Figure 5.2-1: Average Daily Profile-Kanglung    32 
Figure 5.2-2: Average Monthly Profile- Kanglung    33 
Figure 5.2-3: Monthly Statistics for Wind Speed- Kanglung   33 
Figure 5.2-4: Detailed Study of Average Wind Speed- Kanglung  34 
Figure 5.2-5: Weibul Probability Distribution Function- Kanglung  35 
Figure 5.2-6: Average Daily Profile for Power Density- Kanglung  35 
Figure 5.2-7: Average Wind Direction- Kanglung    36 
Figure 5.3-1: Average Daily Profile-Simtokha    38 
Figure 5.3-2: Average Monthly Profile- Simtokha    38 
Figure 5.3-3: Monthly Statistics for Wind Speed- Simtokha   39 
Figure 5.3-4: Detailed Study of Average Wind Speed- Simtokha  40 
Figure 5.3-5: Weibul Probability Distribution Function- Simtokha  40 
Figure 5.3-6: Average Daily Profile for Power Density- Simtokha  41 
Figure 5.3-7: Average Wind Direction- Simtokha    42 
Figure 5.4-1: Average Daily Profile-Tsirang     43 
Figure 5.4-2: Average Monthly Profile- Tsirang    44 
Figure 5.4-3: Monthly Statistics for Wind Speed- Tsirang   45 
Figure 5.4-4: Detailed Study of Average Wind Speed- Tsirang  45 
Figure 5.4-5: Weibul Probability Distribution Function- Tsirang  46 
Figure 5.4-6: Average Daily Profile for Power Density- Tsirang  47 
Figure 5.4-7: Average Wind Direction- Tsirang    48 
Figure 5.5-1: Average Daily Profile-Wangdi     49 
Figure 5.5-2: Average Monthly Profile- Wangdi    50 
Figure 5.5-3: Monthly Statistics for Wind Speed- Wangdi   51 
Figure 5.5-4: Detailed Study of Average Wind Speed- Wangdi  51 
Figure 5.5-5: Weibul Probability Distribution Function- Wangdi  52 
Figure 5.5-6: Average Daily Profile for Power Density- Wangdi  53 
Figure 5.5-7: Average Wind Direction- Wangdi    54 
  
List of Tables 
 
Table 3.3: Monitoring Heights of Measured Parameters   16 
Table 4.2.2a: Surface Roughness Class     21 
Table 4.2.2b: Surface Roughness by Terrain Type     22 
Table 4.2.3: Wind Power Classification     23 
Table 6.1: Comparison of Results      55 
Table 6.2: Wind Power Classification     55 
 
 
  
Table of Contents 
 
Declaration of Authorship       i 
Abstract         ii 
Acknowledgement        iii 
Abbreviations and Terms        iv 
List of Figures         v 
List of Tables         vii 
Table of contents        viii 
 
1.  INTRODUCTION       1 
1.1. Research Questions         2 
1.2. Objectives of the Study       2 
1.3. Methodology        3 
1.3.1 Literature Review      3 
1.3.2 Data Collection from New Stations    3 
1.3.3 Analysis Using Chosen Wind Analysis Software  4   
  
1.4. Scope of the Research       4 
 
2.   BACKGROUND: BHUTAN’S ENERGY SITUATION  5 
2.1 Country Profile       5 
2.2 Energy Institutions and Policy     6 
2.3 Energy Supply       7 
2.4 Other Renewable Energy and Rural Electrification   9 
2.5 Wind Energy in Bhutan      10 
 3.  WIND RESOURCE ASSESSMENT     13 
3.1 History of Wind Monitoring Campaign in Bhutan   13 
3.2 Choosing Mast Location      13 
3.2 Measurement Parameters       15 
3.3 Recorded Parameters and Sampling Interval    16 
3.5 Wind Analysis Softwares      16 
 
4.  THE WINDOGRAPHER SOFRTWARE     18 
4.1 Theory         18 
4.2 Definitions         19 
 4.2.1 Probability Distribution Function    19 
 4.2.2 Roughness Class and Rough Length    20 
 5.3.3 Wind Power Density      22 
 5.3.4 Wind Shear       23 
 
5.  ANALYSES OF WIND DATA AND DISCUSSION   24 
5.1 GELEPHU        24 
 5.1.1 Background       24 
 5.1.2 Average Daily Wind Profile     24 
 5.1.3 Monthly Statistics for Average Wind Speed   26 
 5.1.4 Probability Distribution Function for Wind Speed  27 
 5.1.5 Power Curve       28 
 5.1.6 Wind Direction       29 
 
5.2 KANDLUG        30 
 5.2.1 Background       30 
 5.2.2 Average Daily Wind Profile     31 
 5.2.3 Monthly Statistics for Average Wind Speed   32 
 5.2.4 Probability Distribution Function for Wind Speed  33 
 5.2.5 Power Curve       34 
 5.2.6 Wind Direction       35 
 
5.3 SIMTOKHA        36 
 5.3.1 Background       36 
 5.3.2 Average Daily Wind Profile     36 
 5.3.3 Monthly Statistics for Average Wind Speed   38 
 5.3.4 Probability Distribution Function for Wind Speed  39 
 5.3.5 Power Curve       40 
 5.3.6 Wind Direction       40 
 
5.4 TSIRANG        41 
 5.4.1 Background       41 
 5.4.2 Average Daily Wind Profile     42 
 5.4.3 Monthly Statistics for Average Wind Speed   43 
 5.4.4 Probability Distribution Function for Wind Speed  45 
 5.4.5 Power Curve       45 
 5.4.6 Wind Direction       46 
 
 
5.5 WANGDI        47 
 5.5.1 Background       47 
 5.5.2 Average Daily Wind Profile     48 
 5.5.3 Monthly Statistics for Average Wind Speed   49 
 5.5.4 Probability Distribution Function for Wind Speed  51 
 5.5.5 Power Curve       51 
 5.5.6 Wind Direction       52 
 
6. DISCUSSIONS        55   
    
7.  CONCLUSIONS AND RECOMMENDATIONS   60 
 
 REFERENCES        62 
 
APPENDIX: Tables         66 
 
  
 
 
 1.  INTRODUCTION 
Energy sector in Bhutan plays vital role in the socioeconomic development of the country. The 
current energy sector in Bhutan is predominantly hydropower, comprising 99.9 % of electricity 
generation (DOE, 2005). Apart from driving the industrial sector and providing energy services to 
the people, hydropower is the main source of revenue for the country. It is accounted that 45% of 
the country’s revenue for the year 2008 was from sale of hydroelectricity (NSB, 2010). Because of 
these huge benefits Bhutan is gearing towards exploiting all the available hydropower resources, 
which is estimated at 30,000 MW (DOE 2009).    The current installed capacity of electricity 
generation in Bhutan is 1488.698 MW, out of which 75% is exported to India.   
 
However, the electricity generation from hydropower in Bhutan is very seasonal. All the 
hydropower generating stations in Bhutan are run-off the river schemes and they totally depend on 
the natural flow of water. In winter months, from November to March, electricity production dips 
so low that Bhutan lands up buying power from India.  Yet Bhutan being in mountainous region has 
higher winter loads, mainly because of heating requirements. So there is question of energy security 
in Bhutan. 
 
The percentage of electrification by number of households stands at 83% as of now (Tamang, 
2011). And Government of Bhutan has committed to achieve 100% electrification by the end of 
2013 (Tamang 2011). Most of the un-electrified households are located in the far off villages and 
the cost of electrifying them is increasing as the distance from the road point increases. However, 
the present government policy is to electrify them mainly through grid extension, except for few 
isolated households, which will be provided solar home system. Mini and micro hydropower 
stations are another way of electrifying rural homes. However there is no mention of using wind 
resources to electrify rural areas. 
 
Nevertheless, in the year 2002 major step was taken by government of Bhutan in an attempt to 
explore other renewable energy resources. Department of Energy (DOE) of Bhutan took over the 
meteorological stations from Ministry of Agriculture to conduct studies on wind and solar resources 
in addition to weather forecasting for agricultural purposes (DOE 2005). Solar and wind related 
data were collected from the same old stations. The height of measuring instruments like wind 
wane, anemometers and thermometers was 5 metres above the ground. The data were collected 
manually by the staffs working in the stations. It was only in 2009 that DOE started installing 20 m 
high wind mast in five stations spread across the country. 
 
1.1. Research Questions 
Considering the present energy scenario in Bhutan and the impact of climate change threatening the 
entire world, the following research questions will be addressed in my thesis: 
i. Is data collection and monitoring program carried out as per the standard?  
ii. Does Bhutan have promising wind energy potential to enhance energy diversity and 
security? 
 
1.2.  Objectives of the Study 
The main aim of the research is to analyse the wind resource of Bhutan using the data available 
from the Department of Energy, Ministry of Economic Affairs of Bhutan. Though the research will 
be preliminary analysis of wind data of Bhutan, yet it is expected to fulfil the following objectives: 
 Find information on best practice in wind resource assessment and compare with actual 
practice in new campaign in Bhutan 
 Find the best wind software for carrying out the preliminary data analysis  
 Analyse the wind data and compare with previous NREL study assessing potential for wind 
installations in Bhutan 
 
 
1.3.  Methodology 
The study was carried out using the following methodology: 
1.3.1 Literature Reviews 
Literature reviews were conducted on energy scenario in Bhutan, energy policy and planning of 
Bhutan, renewable energy status in Bhutan, rural electrification methods, and history of data 
monitoring methods. Extensive study on various wind softwares was carried out to find the most 
appropriate tool for the analysis. For the purpose of wind data analysis the NREL document on 
wind mapping in Bhutan is thoroughly scrutinised. Finally, the results of NREL are summarised in 
order to compare with the results from the actual analysis. 
 
1.3.2 Data Collection From New Stations 
The author personally went back to Bhutan to collect the latest wind data. After discussing with the 
officials from the Department of Energy (DOE), Ministry of Economic Affairs, Bhutan the author 
personally visited two of the meteorological stations, Simtokha and Wangdi to get the better idea of 
how the monitoring campaigns are conducted. They were kind enough in providing the data from 
five of the stations spread across the country. These five stations with 20 m high wind mast are 
Gelephu, Kanglung, Simtokha, Tsirang and Wangdi. With the permission from the official of DOE, 
I have taken some photographs to assist in understanding the data collection and monitoring 
methods. 
 
1.3.3 Analysis Using Chosen Wind Analysis Software 
Data from five of the meteorological stations were analysed using the chosen wind analysis 
software. 
 
1.4.  Scope of the Research 
The idea behind conducting preliminary wind data analysis is to get the overview of the collected 
data and determine the missing parameters needed to establish basis for proper assessment of wind 
resource in Bhutan for power production. It is important to obtain high quality data over the long 
period of time for evaluating the potential wind power output. So the study aims to provide 
guidelines for Department of Energy for proper data collection and monitoring campaign and 
further investigation of the data for detailed siting of small and large wind turbines in future. 
 
 
 
 
 
 
 
 
 
 
 2. BACKGROUND : BHUTAN’S ENERGY SITUATION 
2.1.  Country Profile 
Bhutan is a tiny country with an area of 38,394 sq. km. It is located in the Eastern part of 
Himalayan mountain range. It is surrounded by two giant and most populous countries in the world- 
China from the north and India from other three directions (Department of Energy). Figure 2.1 
shows the location of Bhutan. The population of Bhutan is 683,403 (Statistical Yearbook of Bhutan 
2010).  The altitude in the southern part of the country is barely 160 m above the sea level where as 
in the north it is as high as 7500 m. 72.5% of the country is covered with forest while 10% is 
covered with perennial snow and glaciers. The people of Bhutan survive on 8% arable land of the 
country (Statistical Yearbook of Bhutan 2010). The majority of the population are rural based with 
farming as the main source of income. 
 
 Figure 2.1: Map showing location of Bhutan (Source: Map of South Asia) 
 
2.2. Energy Institutions and Policy  
Bhutan’s energy sector is looked after by two ministries- Ministry of Economic Affairs (MOEA) 
and Ministry of Agriculture and Forests (MOAF). MOAF is associated with the management and 
supply of biomass energy while MOEA is associated with the policy and planning of conventional 
energy in Bhutan. MOEA is also responsible for import of fossil fuel, mainly for transport.  
When Electricity Act 2001 was implemented in 2001, the then Department of Power was divided 
into three separate agencies to focus on different responsibilities. Department of Energy (DOE) is 
entrusted with the responsibility of formulation of energy policy and planning. Bhutan Power 
Corporation (BPC) acts as utility company and looks after transmission and distribution of 
electricity. While Bhutan Electricity Authority (BEA) plays the role of energy sector regulator. 
Quite recently, all the major hydropower companies, which were running independently, were 
clubbed together under one company called Druk Green Power Corporation (DGPC). This was 
done mainly to improve the efficiency in operation and maintenance through resource sharing 
amongst various plants. DGPC is the government company which generates and sells electricity to 
BPC. It is also the company which export excess electricity to India. Apart from operation and 
maintenance of large hydropower stations, DGPC is also responsible for identifying and 
construction of new hydropower projects. 
It is interesting to note that Bhutan’ energy sector is concentrated on hydroelectric power. This is 
mainly because export of hydroelectricity to India is the main source of revenue and foreign 
exchange for Bhutan. Hydroelectricity is the single most source of electricity in Bhutan and its 
energy policy is to provide affordable and reliable electricity from hydropower stations to the 
people of Bhutan. More over Bhutan is located in the Himalaya with many rivers flowing at high 
speed. The total hydropower potential of this small country is estimated at 30,000 MW (DOE 
2009).  
 
2.3.  Energy Supply  
Energy supply in Bhutan is predominantly renewable in nature. Biomass in the form of fuel wood 
and hydroelectricity are the two major sources of energy supply in Bhutan. This is depicted in the 
figure 2.3a. Biomass is the main source of energy for rural population because they live in the far 
flung places where there is not road network and thus modern form is energy is out of question. It is 
estimated that more 60 % of Bhutanese population live in rural areas (DOE 2009). Bhutan is 
heavily forested with 72.5% of the country with forest cover. 
 Figure 2.3a: Energy Supply Mix (Source DOE 2005) 
 
Electricity is the next largest source of energy supply in Bhutan at 15.9 %. About 99% of the 
electricity generation in Bhutan comes from hydro resources while the remaining is from the diesel 
generators. The figure 2.3b illustrates the contribution of hydro in the electricity generation. 
 
Fossil fuels like diesel, petrol, liquefied petroleum gas (LPG) and kerosene is imported from India 
because Bhutan does not have any fossil fuel reserve or refinery. Petrol and diesel are used mainly 
for transportation while LPG is used for cooking. Kerosene is used for space heating in urban areas 
while it mostly used for lighting in rural areas of Bhutan (DOE 2009) 
 
 
 
 Figure 2.3b: Electricity Source of Bhutan (Source: DEO 2009) 
 
 
2.4. Other Renewable Energy and Rural Electrification 
A new Department called Renewable Energy Department was formed on November 1, 2011 to 
accelerate renewable energy development other than large hydropower. Solar and wind are other 
potential renewable energy sources for Bhutan but they are lagging far behind hydropower. Solar 
energy, though not very popular, are still used in some of the remote villages as part of the rural 
electrification. Solar energy is also used in some remote telecommunication centres, schools and 
monasteries where the grid extension becomes too expensive and environmentally undesirable. 
Solar power use is limited to lighting only. The total solar installation across the country is meagre 
0.239 MW (DOE 2009). Solar hot water system and solar space heating is not taken up seriously by 
the private and public because of high cost of the system. This uptake is also hampered due to 
availability of cheap electricity from hydropower. Price of electricity in Bhutan is Nu.0.85, which is 
equivalent to US$ 0.017 (BPC 2011). 
Though wind is another potential renewable energy in Bhutan but wind turbine installed capacity as 
of now is totally non-existent. Although DOE has recently started collecting wind data, no 
comprehensive studies have been done so far. National Renewable Energy Laboratory (NREL), 
USA has done wind resource mapping of Bhutan. This is the only literature available on the wind 
energy resource of Bhutan.  
Royal government of Bhutan has a mission of electrifying every household by the end of 2013. This 
responsibility is given to Bhutan Power Corporation; a state owned utility, transmission and 
distribution company. Apart from some mini and micro hydro stations, the rural electrification is 
carried primarily through grid extension. In some of the extremely remote and isolated households 
solar home lighting systems are provided. The rugged terrain, scattered households and the 
remoteness make rural electrification very expensive. The average cost of electrifying rural 
household through grid extension in Bhutan ranges from US$ 1800 to US$ 2000 (JICA 2005). 
Rural electrification is funded by government of Bhutan and Japan International Cooperation 
Agency (JICA). Some rural projects of rural electrifications are carried out through concessional 
loans from Asian Development Bank (ADB) and Japan Bank for International Cooperation (JBIC). 
 
2.5.  Wind Energy in Bhutan 
Wind energy is the least explored among all the available renewable energy sources in Bhutan. 
There is no much study done on wind energy in Bhutan except one that is done by NREL. NREL 
has published a document on wind resource of Bhutan called “Bhutan Wind Resource Mapping” 
(NREL 2008). In this document NREL has described how the high resolution (1km
2
) wind resource 
mapping was developed. Wind Resource Assessment and Mapping System (WRAMS) of NREL 
uses combination of numerical, analytical and empirical tools with the help of Geographical 
Information Systems (GIS) tools and data sets.  
For the evaluation of wind resource of Bhutan, NREL has studied data from various sources. 
Integrated Surface Hourly (ISH) data for Bhutan was unfortunately not included in the U.S National 
Climatic Data Centre (NCDC) but NREL has used the ISH data available in the bordering 
countries. These data were used to find initial wind resource indications close to Bhutan. 
Then NREL used the meteorological data collected from 12 stations around the country. The data 
were in the time step of one hour. Data collection period for those stations varied from one year to 
four years. In most of the station data were recorded at 5 m height, except for 4 stations at 20 m. 
Using these data NREL calculated the annual and monthly averages of wind speed and wind power 
productions. It also analysed joint frequency of wind direction and wind speed. 
The output of the NREL’s wind resource analysis of Bhutan is a colour coded wind power map of 
Bhutan. Wind power is classified on the basis of wind power density at a 50 m height. The final 
output of the whole analysis is the wind power map of Bhutan as shown in figure 2.5. 
 
 
 
 
 
 
 
 
 
 
  
Figure 2.5: Bhutan-50 m Wind Power (Source: NREL 2009) 
 
 
3. WIND RESOURCE ASSESSMENT  
3.1. History of Wind Monitoring in Bhutan 
Wind data monitoring in Bhutan has a unique history. The five stations from where the data have 
been collected for the NREL study were previously under the Ministry of Agriculture. They were 
basically the meteorological stations used for collecting data such as sunshine hours, solar 
radiations, temperature, humidity, atmospheric pressure and prevailing wind direction and speed. 
Most of the data including wind speed and wind direction were collected at 5 m height. These data 
were used for agricultural purposes. It was only 2002 that these stations were handed over to the 
Department of Energy under Ministry of Economic Affairs. Now there is separate division called 
HydroMet Division under the Department of Energy, which looks after all the meteorological data 
collection and processing. The main objective of this division is to provide flood warning as Bhutan 
has so many glaciers and they are melting at higher rate than ever before. The meteorological 
stations are located across the country, one each in every Dzongkhag (district) headquarters and 
important towns and cities.  
 
However, from 2009 onwards Renewable Energy Division under the Department of Energy has 
worked together with the HydroMet Division to collect relevant wind and solar data from these 
meteorological stations. In five of the locations, included in NREL study, they have now installed 
20 m high mast to collect data such as wind direction, wind speed, solar radiation, temperature, 
pressure, and humidity on top of other meteorological parameters. 
 
3.2.  Choosing Mast Location 
While the interest shown by then Renewable Energy Division to collect relevant wind and solar 
data is appreciated the choice of site for putting up the wind mast was inappropriate. According to 
NREL Wind Resource Assessment Handbook, “rule of thumb is to place the mast at a horizontal 
distance no closer than 10 times the height of the obstruction in the prevailing wind direction” 
(NREL 1997). The 20 m masts are erected within the vicinity of previous meteorological stations. 
The author had the opportunity to visit two of the stations closer to the capital city during my trip to 
Bhutan for data collection. The masts are located in the valley which is surrounded by vegetation.  
Figure 3.2 below shows the station in Wangdi. 
 
Figure 3.2: Location of 20 m wind mast in Wangdi 
It is a clear indication that they do not have specific wind energy program objectives. They have not 
done any preliminary site investigation as recommended by NREL’s Wind Resource Assessment 
Handbook. Some of the guiding principles as outlined in the NREL Handbook are: preliminary area 
identification, wind area resource evaluation and micrositing. Preliminary area identification is an 
important exercise to screen large region for potential wind resource by looking at the topography 
and flagged trees (NREL 1997). 
 3.3.  Measurement Parameters 
For the purpose of wind energy estimation some of the basic parameters required are wind speed, 
wind direction and temperature data (NREL 1997). Wind speed is the most important parameter to 
determine the wind energy resource. To understand the wind shear properties, wind speed at 
multiple heights are encouraged. Wind direction is required to identify the prevailing wind 
directions. Air temperature is an important parameter to determine air density which in turn will 
affect the wind power density (NREL 1997). There are other optional parameters which can be 
collected during the campaign. Solar radiation, barometric pressure, vertical wind speed and change 
in air temperature. 
In the five stations of Bhutan all the above parameters have been monitored. Wind speed and wind 
direction are monitored at 20 m height. Solar radiation is collected at 4 m above the ground. The 
summary of measured parameters in the NREL Wind Resource Assessment Handbook is presented 
in the table 3.3. 
 
 
 
 
 
 
 
 
 
 
Measured Parameter  Monitoring Height  
Wind speed (m/s)  10m, 25m, 40m  
Wind direction (degrees)  10m, 25m, 40m  
Air temperature (C) 3m  
Solar radiation (W/m
2
)  3 – 4 m  
Vertical wind speed (m/s)  38m  
Delta Temperature (C)  38m  and 3m  
Barometric Pressure (kPa)  2 – 3 m  
Table 3.3: Monitoring Heights of Measured Parameters. (Source: Whale 2011) 
3.4.  Recorded Parameters and Sampling intervals 
The data loggers for the above stations have been programmed to record all the above parameters at 
the time step intervals of 10 minutes. All the data are recorded serially and have date and time 
stamp. For each parameter, the data loggers are programmed to instantaneously calculate average, 
standard deviation, maximum and minimum. As per the NREL Handbook, 10 minute basis is the 
international standard for wind measurement.  
3.5.  Wind Analysis Softwares 
For the purpose of analysing the wind data available from Bhutan, options of various analysis tools 
have been weighed. Some of the wind related analysis tools are Wind Atlas Analysis and 
Application Program (WAsP), Wind Rose, Wind Farm Measure-Correlate-Predict (MCP), and 
Windographer.  
WAsP is a computer program which does both horizontal as well as vertical extrapolation of wind 
data. However, WAsP cannot model if the slope is more than 30 degree. Bhutan is a mountainous 
country and most of the places are at slopes greater than 30 degree. More over WAsP requires 
topographical maps of the site as well as that of the nearest airport. The data available from Bhutan 
does not have the topographical maps. So the idea of using WAsP is dropped for the reasons 
mentioned above. 
Wind Rose is a graphical representation of wind speed and wind direction. Both wind direction and 
wind speed can be combined together in the Wind Rose. Wind Rose consists of concentric circles, 
the circles further away from the centre represents higher speed and high frequency of wind 
direction. For the purpose of analysing the wind data Wind Rose is not sufficient. 
MCP method of Wind Farm is another tool used for analysing wind data. It is a tool for predicting 
long term wind resource of the site by using statistical method. It requires long term data from the 
reference site such as closest airport for correlation. It also requires short term data from the 
candidate site. The distance between the reference site and candidate cannot be more than 40-50 
Km.  However, in this case there is no long term data from the reference site so MCP method is not 
adopted. 
Windographer is a powerful wind data analysis program. This analysis tool can take any kind of 
input files of any sizes. Apart from other many functions, Windographer can do vertical 
extrapolation which is very useful in this analysis. The vertical extrapolation feature of this software 
is the main reason why the author has chosen it. This is because the data available from Bhutan are 
at 20 metres above the ground while the NREL has done study by extrapolating it to 50 metres 
height. 
 
 4. THE WINDOGRAPHER SOFTWARE 
 
Windographer is a power simulation tool, developed by Mistaya Engineering Inc., Canada. It is 
very versatile. It can read any kind of data file, including SODAR (Sonic Detection and Ranging) 
and LIDAR (Light Detection and Ranging) units. Windographer can present the output in the form 
of beautiful wind roses and graphs. Apart from other functions, Windographer can perform vertical 
extrapolation and calculate extreme winds. The data collected from the five stations are very huge 
because they have been collected at the time step of 10 minutes. So I have used the simulation tool 
called Windographer.  
Using Windographer is very easy and simple. Like any other simulation tools, it can be learnt easily 
by working on it. It is one of the most user friendly software. There are many help options at every 
step. For the beginners, there are also many video clips demonstrating all the steps involved in the 
wind data analysis. The result from the windographer can be exported and used for report. 
Windographer is designed to identify the site for wind energy development. The theory used in the 
windographer tool is as described in the following sections. 
 
4.1.  Theory 
Estimation of the wind resource ranges from overall estimates of the mean energy content of the 
wind over a large area - called regional assessment - to the prediction of the average yearly energy 
production of a specific wind turbine at a specific location - called siting. The information 
necessary for siting generally needs to be much more detailed than in the case of regional 
assessment. However, both applications make use of the general concepts of topography analysis 
and regional wind climatology. In order to calculate the effects of topography on the wind it is 
necessary to describe systematically the characteristics of the topography. Close to an obstacle such 
as building the wind is strongly influenced by the presence of the obstacle. The effect extends 
vertically to approximately three times the height of the obstacle, and downstream to 30 to 40 times 
the height (NREL 1997). If the point of interest is inside this zone, it is necessary to take into 
account the sheltering effects. The collective effect of the terrain surface and obstacles, which leads 
to an overall retardation of the wind near the ground, is referred to as the roughness of the terrain. 
Vegetation and houses are examples of topographical elements which contribute to the roughness. 
Orographic elements such as hills, cliffs, escarpments and ridges exert an additional influence on 
the wind. Near the summit or crest of these features the wind will accelerate while near the foot and 
in valleys it will decelerate. For a given situation, there are thus three main effects of topography on 
the wind, namely: shelter, roughness, and orography. Hence, as a general rule, it is necessary to 
specify the nearby sheltering obstacles, the roughness of the surrounding terrain and orography 
(Whale 2011) 
 
4.2.  Definitions 
4.2.1. Probability Distribution Function 
The Weibull distribution is used to characterize the shape and size of the distribution of wind speeds. 
Windographer can generate probability distribution function and it has used the equation described below. 
The following equations give the probability distribution function of the two-parameter Weibull distribution: 
 
Where, V is the wind speed [m/s], k is a dimensionless shape factor, and c is a scale factor (m/s). The 
following equation is used in determining the relationship between the scale factor c and the long-term 
average wind speed: 
 
Where, V bar is the long-term average wind speed and Г is the gamma function. This average value of wind 
speed is being used in determining the energy generation. The Weibull k value reflects the breadth of the 
distribution; the broader the distribution, the lower the value of the Weibull k. The Weibull k value is the 
dimensionless shape factor from the Weibull distribution (Whale 2011).  
 4.2.2. Roughness Class and Roughness Length 
The roughness class is a dimensionless number based on the value of the surface roughness. The 
following equation defines the roughness class C: 
C = 1.699823015 + lnZ0/ln150,    for Zo ≤ 0.03 
C = 3.912489289 + lnZo/ln3.333,   for Zo > 0.03 
Where, Zo is the surface roughness in m. 
 
Table 4.2.2a lists the terrain type characteristic of various values of roughness class. 
 
 
 
 
 
 
 
 
 
 
 
 
6  
7 Roughness 
Class 
8  
9 Roughness 
length (m) 
10  
11 Landscape Type 
12 0 13 0.0002 14 Water surface 
15 0.5 16 0.0024 17 Completely open terrain with a smooth 
surface, e.g. concrete runways in airports, 
mowed grass, etc. 
18 1 19 0.03 20 Open agricultural area without fences and 
hedgerows and very scattered buildings. 
Only softly rounded hills. 
21 1.5 22 0.055 23 Agricultural land with some houses and 8 
metre tall sheltering hedgerows with a 
distance of approx. 1250 meters. 
24 2 25 0.1 26 Agricultural land with some houses and 8 
metre tall sheltering hedgerows with a 
distance of approx. 500 meters. 
27 2.5 28 0.2 29 Agricultural land with many houses, shrubs 
and plants, or 8 metre tall sheltering 
hedgerows with a distance of approx. 250 
meters. 
30 3 31 0.4 32 Villages, small towns, agricultural land with 
many or tall sheltering hedgerows, forests 
and very rough and uneven terrain. 
33 3.5 34 0.8 35 Larger cities with tall buildings. 
36 4 37 1.6 38 Very large cities with tall buildings and 
skyscrapers. 
Table 4.2.2a: Surface Roughness Class (Source: Whale 2011) 
 The surface roughness most often called as surface roughness length is a number that characterizes the wind 
shear, which is the change in wind speed with height above ground. The logarithmic law uses the surface 
roughness as a parameter. It is designated by zo. The wind speed at lower heights decreases with increasing 
surface roughness. Different types of terrain are characterized by different values of surface roughness. Table 
4.2.2b shows typical surface roughness values for several types of terrain. 
 
 
 
 
39 Terrain Description 40 Surface Roughness (m) 
41 Very smooth, ice or mud 42 0.00001 
43 Calm open sea 44 0.0002 
45 Blown sea 46 0.0005 
47 Snow surface 48 0.003 
49 Lawn grass 50 0.008 
51 Rough pasture 52 0.01 
53 Fallow field 54 0.03 
55 Crops 56 0.05 
57 Few trees 58 0.10 
59 Many trees, few buildings 60 0.25 
61 Forest and woodlands 62 0.50 
63 Suburbs 64 1.50 
65 Centres of cities with tall 
buildings 
66 3.00 
Table 4.2.2b: Surface Roughness by Terrain Type (Source: Manwell et al. 2002) 
 
4.2.3. Wind Power Density 
For the wind speed from the data sheet, the wind power density is calculated at each time step using 
the following equation: 
P/A = ½ ρV3  
Where, P/A is the wind power density, or the power per unit area, [W/m2], ρ is the air density 
[kg/m3], V is the average wind speed [m/s]. 
The overall mean wind power density for each wind speed sensor can be calculated for different 
Wind Speed Sensors mounted on the wind mast. In addition, the wind power density can be 
calculated for synthesized winds 50m above ground to determine the wind power class. The wind 
power class is a number indicating the mean energy content of the wind resource. Wind power 
classes are based on the mean wind power density at 50 meters above ground, according to the 
following table: 
 
67  
68 Wind Power Class 
69  
70 Description 
71 Power Density at 
50m (W/m2) 
72 1 73 Poor 74 0-200 
75 2 76 Marginal 77 200-300 
78 3 79 Fair 80 300-400 
81 4 82 Good 83 400-500 
84 5 85 Excellent 86 500-600 
87 6 88 Outstanding 89 600-800 
90 7 91 Superb 92 800-2000 
Table 4.2.3: Wind Power Classification (Source: Wind Energy Resource Atlas of the United States) 
 
 
4.2.4. Wind Shear 
The vertical extrapolation feature of Windographer uses the concept of wind shear. Wind shear 
refers to the change in wind speed with height above ground. Wind speed increases as we go higher 
above the ground. This pattern of change in wind speed with height above the ground is termed as 
wind shear profile. Of the two mathematical formulae that describe wind shear, Windographer uses 
the logarithmic law.  
 
It is based on the assumption that wind speed vary logarithmically with change is height above the 
ground according to the following equation:  
 
U (z) = U*/K (ln Z/Zo) if Z>Zo 
         = 0 if Z≤ Zo 
  Where U(z) is the wind speed [m/s] at some height above ground z [m] 
U* is the friction velocity [m/s]  
K is von Karman’s constant (0.4)  
Zo is the surface roughness [m]  
ln is the natural logarithm 
  
5. ANALYSIS OF WIND DATA AND DISCUSSION 
5.1.  GELEPHU 
5.1.1.  Background  
The details from the 20m high wind mast installation and the start and end time of recorded data for 
Gelephu is as follows: 
 Latitude:  N 26° 57' 00" 
 Longitude:  E 90° 26' 00"  
Elevation:  375 m  
Start date & Time: 01/05/2009 00:00  
End date & Time: 31/12/2010 23:50 
Duration:  20 months  
The possible recordable data were 87766, data points for the duration of 20 months. However 
12815 data points were missing for the period of three months from February to April. So the 
recorded number of data was 74,950. The data recovery rate is 85.4%.  All the recorded data are 
valid for the analysis.  
5.1.2.  Average Daily Wind Profile  
The average daily wind profile shown in figure 5.1-1 is the output from windographer. It is 
analysed for measured minimum, maximum, average wind speed at 20m and synthesized average 
wind speed at 50m above ground level respectively. The wind flow is almost consistent throughout 
the day and the maximum speed as seen from figure is mostly at about 1-2 PM daily. The average 
daily wind speed is greater than 2m/s and therefore, the potential for some power production from 
wind energy exits almost throughout the day.  
Figure 
5.1-1: Average Daily Profile  
 
The variation of average daily wind speed profile over the data collection period is more 
pronounced as shown in figure 5.1-2. The hourly variation wind speed pattern is almost consistent 
throughout the day during the months of May, June, July, August and September with slight 
peaking at about 1PM daily. However, it is interesting to note that in October, November, 
December and January the average wind speed dropped down suddenly to almost about 2m/s at 8 
AM and about 3m/s at 4 PM respectively. Therefore, it is important to study the location of the 
wind mast and its orientation. The sudden drop of wind speed could be due to obstacles in between 
the wind mast and the direction of wind during that time. 
 
 Figur
e 5.1-2: Monthly Average Daily Profile  
 
5.1.3.  Monthly Statistics for Average Wind Speed  
The monthly wind speed variation is shown in figure 5.1-3. The monthly maximum average wind 
speed varied between 12.8 m/s to 24.5 m/s with the mean average value settling at 4.32m/s at 20m 
and 4.71m/s at projected 50m above ground level. The minimum wind speed recorded was 0.8m/s. 
This indicates that wind is not consistent but fluctuates over short period of time. 
Figure 
5.1-3: Monthly Statistics for Average Wind Speed  
 
The mean average value of 4.71m/s wind speed at 50m above ground level (turbine hub height) can 
be effectively used for harnessing wind power. Figure 5.1-4 shows that the minimum wind speed 
ranges between 0-2.7m/s and the maximum wind speed range observed from the data is between 
8.1-10.8 m/s which can be useful for power production. Moreover, it is seen that the winter months 
have a higher wind speed than the summer months, which can be of great use in enhancing energy 
security in the country since the hydro output is at a minimum during those months. 
Figure 
5.1-4: Detailed Study of Average Wind Speed  
 
5.1.4.  Probability Distribution Function of Wind Speed  
The best-fit Weibull probability distribution function of mean average wind speed is shown in 
figure 5.1-5. The shape and size of Weibull function is impressive. The probability distribution 
function is evenly distributed with very low probability of a very low wind speed of less than 
2.7m/s. The Weibull distribution function gives an indication that the maximum probability of 
finding wind speed ranges between 3m/s to 5m/s. In addition there exists some probability of 
finding wind speeds from 5m/s to 10m/s which can comprehensively be used for power production. 
The Weibull distribution function characterizes the frequency distribution and the maximum 
probability of average wind speed occurred at about 4 m/s. 
Figure 
5.1-5: Weibull Probability Distribution Function  
 
5.1.5.  Power Curve of Wind Speed  
The average daily power density curve is shown in figure 5.1-6. The two important dips at about 8 
AM in the morning and 4 PM in the evening are of concern for power production. They could be 
due to obstacles on or near the wind mast which have to be verified physically in order to make 
judicious judgment. Power curve follows the same trend as that of wind speed. The cubic law 
between power and velocity make the dip more pronounced. A power density above 100W/m2 can 
be obtained from 2PM to 7AM for duration of about 17 hours. 
Figure 
5.1-6: Average Daily Profile for Power Density  
 
When the power production was analysed using the characteristics of the wind turbine model 
Enercon E48, 800 kW rating, rotor diameter of 48m with its hub at 50m above ground level 
operated at a mean average wind velocity of 4.71m/s, an average net power output of 99.4kW per 
annum can be generated. This accounts for about 0.87 million units of energy generation per year at 
an average net capacity factor of 12.4%. Though the data obtained are of short term, there is an 
indication that this area of Bhutan may have some potential for power production and further detail 
study and long term data is essential for a better understanding of the power production potential of 
the site. 
 
5.1.6.  Wind Direction  
The wind flow direction is shown in figure 5.1-7. The wind speed more than 4.8 m/s is flowing 
from due north direction. However, wind speed less than 2.4m/s are flowing from every direction. 
This also substantiates the fact of existing obstacles between wind flow direction and the wind mast 
causing a low wind speed at about 8 Am in the morning and about 4 PM in the evening. Wind 
direction is also very important for determining the exact Weibull probability distribution function. 
 
Figure 5.1-7: Average Wind Direction  
 
5.2.  KANGLUNG  
5.2.1. Background  
The record from the 20m high wind mast installation and the start and end time of recorded data for 
Kanglung is as follows:  
Latitude: N 27° 16' 57"  
Longitude: E 91° 31' 20" 
 Elevation: 1930 m  
Start date & Time: 01/01/2010 00:00  
End date & Time: 17/03/2011 19:40  
Duration: 14.5 months  
The possible recordable data are 60224 data points for the duration of 14.5 months of which 13104 
data points are missing for the months of April, May and June. Data recovery rate from Kanglung 
station is 78.24%.  All the recorded data are valid for analysis.  
 
5.2.2.  Average Daily Wind Profile  
The average daily wind profile shown in figure 5.2-1 is analysed for minimum, maximum, average 
and synthesized average wind speed at 50m above ground level. There is a huge fluctuation of 
average daily wind speed with the minimum to maximum from 11 AM in the morning to about 6 
PM in the evening. An average wind speed of greater than 3m/s is seen flowing during this period 
of 7 hours duration which, can potentially be harnessed for power production. The average 
minimum wind speed is between 1-3 m/s throughout the day. 
Figure 
5.2-1: Average Daily Profile 
 
 The variations of average daily wind speed profile in different months are clearly seen in figure 
5.2-2. The hourly variation showing a high wind speed pattern from about 10Am to 8PM is 
consistent for the whole duration of data logging period. It is noted that at about 9-10 Am in the 
morning there is a sudden dip consistently in every month of analysed data. The sudden dip could 
be due to some physical object or obstacles in the direction of wind flow during that time. Physical 
verification of the wind mast location and the direction of wind during at the time the dip occurs 
might aid in collecting the data more accurately and analysing in better detail.  
Figur
e 5.2-2: Monthly Average Daily Profile 
 
5.2.3.  Monthly Statistics for Average Wind Speed  
The monthly wind speed variation is shown in figure 5.2-3. The monthly average variation of daily 
maximum high wind speed varied between 9.5m/s to about 12 m/s with the mean average value 
settling at 3.36 m/s at 20m and 3.76m/s as projected at 50m above ground level. The average 
minimum wind speed as seen from the figure is about 0.4m/s while the average maximum wind 
speed is as high as 11.8m/s. 
 
Figure 5.2-3: Monthly Statistics for Average Wind Speed  
 
The mean average value of 3.36m/s wind speed at 50m above ground level (turbine hub height) can 
be is not a good value for harnessing wind power. However, figure 5.2-4 shows that there exists an 
average wind speed in the range of 4.8-7.2m/s consistently throughout the year but just from 11AM 
to 5PM, only 6 hours duration. This range of wind speed can be utilized for power production. But 
as indicated from the figure, for the longer duration of time, about 18 hours, the average wind speed 
settles down in the range of 1.2-3.6m/s where power production capability is small. 
Figure 
5.2-4: Detailed Study of Average Wind Speed  
 
5.2.4.  Probability Distribution Function of Wind Speed  
 
The best-fit Weibull probability distribution function of average wind speed is shown in figure 5.2-
5. The probability of power production is marginal as the maximum Weibull probability curve is in 
the range of average wind speed 1-2 m/s, whose power production capability is very low. The 
frequency of the average wind speed in the range of 4-7m/s which can be potentially used for power 
production occurred in the range of only 2-5% of time. 
 
Figure 5.2-5: Weibull Probability Distribution Function  
 
5.2.5.  Power Curve of Wind Speed  
The average daily power density curve is shown in figure 5.2-6. The one important dip at about 9 
Am in the morning is of concern for power production. It could be due to obstacles on or near the 
wind mast which have to be verified physically in order to understand why this is happening. Power 
above 80W can typically be harnessed from 12 Noon to 6 PM daily, duration of 6 hours. 
Figure 
5.2-6: Average Daily Profile for Power Density 
When the power production was analysed using the characteristics of the wind turbine model 
Enercon E48, 800 kW rating, rotor diameter of 48m with its hub at 50m above ground level 
operated at a mean average wind velocity of 3.76m/s, an average net power output of 46.5kW per 
annum can be generated. This accounts for about 0.41 million units of energy generation per year at 
an average net capacity factor of 5.8%. Since the data obtained are for a short term, there is a need 
for further data collection to enable a further, more accurate analysis.  
 
5.2.6.  Wind Direction  
The wind flow direction in Kanglung is shown in figure 5.2-7. The wind speed greater than 3.2m/s 
flows from the south east direction and the North West direction. Therefore, almost all the time the 
wind turbine will be aligned towards the south east/north west direction when producing power as 
the cut-in wind velocity for power production ranges from 2 – 4 m/s depending upon the wind 
turbine design. 
 Figure 5.2-7: Average Wind Direction  
 
 
 
5.3.  SIMTOKHA  
5.3.1.  Background  
The record from the 20m high wind mast installation and the start and end time of recorded data for 
Simtokha is as follows: 
 Latitude N 27° 26' 49" 
 Longitude E 89° 40' 31" 
 Elevation 2309 m  
Start date & Time 01/05/2010 00:00  
End date & Time 09/03/2011 10:50 
 Duration 10.3 months  
The possible recordable data are 44,994 data points for the duration of 14.3 months. However, valid 
data points recorded were 31,890. The data are missing for the months of September, October and 
November 2010, probably lost or not recorded in the data logger. Data recovery rate for Simtokha is 
70.88%. All the recorded data are valid for analysis. 
 
5.3.2.  Average Daily Wind Profile  
The average daily wind profile shown in figure 5.3-1 is analysed for minimum, maximum, average 
and synthesized average wind speed at 50m above ground level. There is a huge fluctuation of 
average daily wind speed, minimum to maximum from 12 Noon to about 6 PM in the evening. 
During this period of 6 hours duration, an average wind speed of about 5m/s flows daily. 
Figure 
5.3-1: Average Daily Profile  
 
The variation of average daily wind speed profile is more pronounced as shown in figure 5.3-2. The 
hourly variation of high wind speed pattern is consistent from about 12 Noon to 7PM for the winter 
months. Unfortunately due to loss of data for the month of September, October and November, 
nothing can be concluded about the annual wind characteristic. During the measured months, the 
wind flows mostly during the afternoon; this could be due to a hill-valley-hill wind. 
 Figure 5.3-2: Monthly Average Daily Profile  
5.3.3.  Monthly Statistics for Average Wind Speed  
The monthly wind speed variation is shown in figure 5.3-3. The monthly average variation of the 
daily high wind speed varied between 6m/s to 10m/s with the mean average value settling at 
2.31m/s at 20m and 2.59m/s at projected 50m above ground level. The average minimum wind 
speed as seen from the figure is about 0.4m/s while the average maximum wind speed is about 
13.9m/s. This indicates that wind is not consistent but fluctuating over short period of time. 
Figure 
5.3-3: Monthly Statistics for Average Wind Speed  
 
The mean average value of 2.59m/s wind speed at 50m above ground level (turbine hub height) 
cannot be effectively used for harnessing wind power. This fact can be seen more clearly from 
figure 5.3-4. More than 80% of the time, the average wind speed ranges from 0-2.8 m/s during the 
time of data recording as indicated by black and dark blue colours. 
Figure 
5.3-4: Detailed Study of Average Wind Speed 
 
5.3.4 Probability Distribution Function of Wind Speed  
The best-fit Weibull probability distribution function of average wind speed is shown in figure 5.3-
5. The probability of power production is very low as about 60% of time, the average wind speed 
occurred between 0-2m/s and 14% of time between 2-3 m/s which are too low for economic power 
production. The Weibull distribution function characterizes the frequency distribution and shows 
the maximum probability of average wind speed occurred at a very low 0-0.5 m/s which cannot be 
used for power production. 
Figure 
5.3-5: Weibull Probability Distribution Function  
 
5.3.5 Power Curve of Wind Speed  
The average daily power density curve is shown in figure 5.3-6. The highest power density occurred 
at about 2PM daily. A power density above 100W/m2 can be harnessed for the duration of about 5 
hours. More than 75% of the time the power density dropped below 40 W/m
2
 due to a low wind 
speed. 
Figure 
5.3-6: Average Daily Profile for Power Density  
 
When the power production was analysed using the characteristics of the wind turbine model 
Enercon E48, 800 kW rating, rotor diameter of 48m with its hub at 50m above ground level 
operated at a mean average wind velocity of 2.59m/s, an average net power output of 36.6kW per 
annum can be generated. This accounts for about 0.32 million units of energy generation per year at 
an average net capacity factor of 4.6%. Because the data obtained are only for a short term, there is 
need for further data collection for a detailed analysis.  
 
5.3.6 Wind Direction  
The wind flow direction is shown in figure 5.2-7. It indicates that wind speeds greater than 1.8m/s 
flow in East, South West and West Direction. Therefore, a physical study of the obstacles and 
orographic elements in these directions is needed to carry out a turbulence and wind shear analysis. 
 
Figure 5.3-7: Average Wind Direction 
 
 
5.4. TSIRANG  
5.4.1. Background  
The record of the 20m high wind mast installation and the start and end time of recorded data for 
Tsirang is as follows:  
Latitude: N 27° 0' 57" 
 Longitude: E 90° 7' 32"  
Elevation: 1550 m  
Start date & Time: 01/05/2010 00:00  
End date & Time: 03/05/2011 16:50  
Duration: 17 months  
The possible recordable data are 52950 for the duration of 17 months but only 44166 data are 
recorded. Data recovery rate from Tsirang station is 83.41%. All the recorded data are valid for 
analysis. The data for the month of June 2010 and January 2011 are missing, probably lost or not 
recorded in the data recorder. 
 
5.4.2. Average Daily Wind Profile  
The average daily wind profile shown in figure 5.4-1 has been analysed to provide an estimate of 
minimum, maximum, average and synthesized average wind speed at 50m above ground level. 
There is a huge fluctuation of average daily wind speed, minimum to maximum, from 10 AM in the 
morning to about 11 PM in the evening. Quite strong average winds flow during this period of 13 
hours duration which can potentially be harnessed for power production. 
Figure 
5.4-1: Average Daily Profile  
 
The variation of the average daily wind speed profile is clearly seen in figure 5.4-2. The hourly 
variation of high wind speed pattern is consistent from about 10Am to 7PM for the months of 
February, March, April, May and September. Unfortunately due to the failure to record data for the 
month of June, the conclusion is in doubt. In July and August, the high energy wind variation is 
from 10Am to midnight while in October, November and December; it is from 3 PM to midnight. 
The wind flows mostly during the afternoon indicating that it could be due to hill-valley-hill wind 
flows. 
Figur
e 5.4-2: Monthly Average Daily Profile  
 
5.4.3. Monthly Statistics for Average Wind Speed  
The monthly wind speed variation is shown in figure 5.4-3. The monthly average variation of daily 
high wind speed varied between 12m/s to 15m/s with the mean average value settling at 4.23m/s at 
20m and 4.74m/s at projected 50m above ground level. The average minimum wind speed as seen 
from the figure is about 0.8m/s while the average maximum wind speed is close to 21.4m/s. This 
indicates that wind is not consistent but fluctuates over short period of time. Therefore, long term 
statistical data is essential for accurate analysis. 
Figure 
5.4-3: Monthly Statistics for Average Wind Speed  
 
The mean average value of 4.74m/s wind speed as calculated for 50m above ground level (turbine 
hub height) can be effectively used for harnessing wind power. However, figure 5.4-4 shows that 
most of the time during a year, the wind speed falls within range of 0 to 2.4 m/s indicated by black 
colour. This range of wind speed is ineffective for cost effective power production. 
Figure 
5.4-4: Detailed Study of Average Wind Speed  
 
 
5.4.4. Probability Distribution Function of Wind Speed  
The best-fit Weibull probability distribution function of average wind speed is shown in figure 5.4-
5. The probability of power production is marginal as about 34% of time, the average wind speed 
occurred between 0-1m/s and 15% of time between 1-2 m/s which are too low for useful power 
production. The power production would only have been large if the maximum probability of 
average wind speed had occurred above 7 m/s as the wind speed at rated power production is at 
about 12m/s. The Weibull distribution function characterizes the frequency distribution and the 
maximum probability of average wind speed as occurring at about 0-0.8 m/s. 
Figure 
5.4-5: Weibull Probability Distribution Function  
 
    5.4.5 Power Curve of Wind Speed  
The average daily power density curve is shown in figure 5.4-6. The high power density occurred at 
about 2-3PM daily. A power density above 200W/m2 can be obtained from 11AM to 10PM for the 
duration of 11 hours. Therefore, about 50% of time there is a possibility of harnessing power of 
more than 100W/m2. 
Figure 
5.4-6: Average Daily Profile for Power Density  
 
When the power production was analysed using the characteristics of a wind turbine model Enercon 
E48, 800 kW, with a rotor diameter of 48m and its hub at 50m above ground level with the site 
mean average wind velocity of 4.74m/s, an average net power output of 147kW per annum can be 
generated. This accounts for about 1.28 million units of energy generation per year at an average 
net capacity factor of 4.6%. However, the data obtained are of a short term, there is a need for 
further data collection to allow a more detailed analysis. 
 
5.4.6. Wind Direction  
The wind flow direction pattern is shown in figure 5.4-7. It indicates that wind speeds greater than 
2.8m/s flows from south and south east direction. Therefore, almost all the time the wind turbine 
will be facing towards south and south east direction as the cut-in wind velocity for power 
production ranges from 2 – 4 m/s depending upon the characteristics of the wind turbine model 
installed. 
 Figure 5.4-7: Average Wind Direction 
 
5.5.  WANGDI  
5.5.1 Background  
The record from the 20m high wind mast installation and the start and end time of recorded data for 
Wangdi is as follows:  
Latitude: N 27° 29' 12"  
Longitude: E 89° 54' 30" 
 Elevation: 1180 m  
Start date & Time: 01/06/2009 10:10  
End date & Time: 30/12/2010 01:50  
Duration: 18 months  
The possible recordable data were 78,840 data points for the duration of 18 months. However, some 
data are missing and 58,667 valid data for analysis. Data recovery rate from Wangdi station is 
74.41%. All the recorded data are valid for analysis. 
 
 
5.5.2. Average Daily Wind Profile  
The average daily wind profile shown in figure 5.5-1 is analysed for measured minimum, 
maximum, average wind speed at 20m and synthesized  average wind speed at 50m above ground 
level. There is a huge fluctuation of average daily wind speed, minimum to maximum, peaking at 
10 AM in the morning. On average, a wind speed above 5m/s is present from 6AM to 2PM for a 
period of 8 hours daily. This range of wind speed can potentially be harnessed for power 
production. 
Figure 
5.5-1: Average Daily Profile  
 
The variation of the average daily wind speed profile is clearly shown in figure 5.5-2. The hourly 
variation of the high wind speed pattern is almost consistent through every month. The wind is 
mostly flowing during the day time. During the night, the average wind speed dropped down to 
almost 1-2 m/s, which is below the limit for useful power generation. 
Figur
e 5.5-2: Monthly Average Daily Profile  
 
5.5.3. Monthly Statistics for Average Wind Speed  
The monthly wind speed variation is shown in figure 5.5-3. The monthly average variation of daily 
high wind speed varied between 12m/s to 18m/s with the mean average value settling at 4.05m/s at 
20m and 5.19m/s at projected 50m above ground level. The average minimum wind speed as seen 
from the figure is about 0.8m/s while the average maximum wind speed is about 23m/s. This 
indicates that a strong wind flows in Wangdi valley but not consistent, fluctuates over short period 
of time. 
Figure 
5.5-3: Monthly Statistics for Average Wind Speed  
 
The mean average wind speed of 5.19m/s at 50m above ground level (turbine hub height) can be 
effectively used for harnessing wind power. An average wind speed above 4.8m/s exists about 50% 
of time. The remaining 50% of time, the Wangdi valley experiences an average wind speed of about 
0-2.4m/s, which cannot be effectively used for harnessing power as indicated by black colour in 
figure 5.5-4. 
Figure 
5.5-4: Detailed Study of Average Wind Speed  
 
 
5.5.4. Probability Distribution Function of Wind Speed  
The best-fit Weibull probability distribution function of average wind speed is shown in figure 5.4-
5. The probability of power production is marginal since about 48% of time, the average wind 
speed occurred between 0-1m/s where no power production can be obtained. The range of wind 
speed which can be effectively used for power production occurred less than 5% of time. Though 
there is consistent wind speed in the range of 5-15m/s, the effectiveness of power production will be 
nullified by the time in which the wind speed less than 2m/s dominates. The Weibull distribution 
function characterizes the frequency distribution and the maximum probability of average wind 
speed as occurring at about 0-1 m/s.  
Figure 
5.5-5: Weibull Probability Distribution Function  
 
5.5.5. Power Curve of Wind Speed  
The average daily power density curve is shown in figure 5.5-6. The high power density period 
occurred at about 9-10 AM daily. A power density above 300W/m2 can be obtained from 6AM to 
1PM for a period of 7 hours. Therefore, about 50% of time there is a possibility of harnessing 
power of more than 100W/m2. The power density is almost zero at night from 8 PM to 3 AM for 
duration of 7 hours. That indicates that about 50% of time the wind power can be harnessed 
effectively and for about 50% of time, minimal power can be harnessed.  
Figure 
5.5-6: Average Daily Profile for Power Density 
 
When the power production was analysed using the characteristics of a wind turbine model Enercon 
E48, 800 kW, rotor diameter of 48m and hub at 50m above ground level with a mean average wind 
velocity of 5.19m/s, an average net power output of 142kW per annum can be generated. This 
accounts for about 1.25 million units of energy generation per year at an average net capacity factor 
of 17.8%. The turbine operates at about 4.54% of its rated output of 800 kW provided at an average 
wind speed of about 12m/s. However, the data obtained are of short term, so there is a need for 
further data collection for a more detailed analysis.  
 
5.5.6. Wind Direction  
The average wind flow direction is shown in figure 5.5-7. This indicates that the wind consistently 
flows from a north east direction. It is an advantage for Wangdi valley in that the wind flows from 
one direction and therefore, it is easy to assess the siting of a wind turbine installation, its visual 
impact and the orographic elements. 
 Figure 5.5-7: Average Wind Direction 
 6. DISCUSSION 
The results from the analysis are compared with findings from Bhutan Wind Resource Mapping 
(NREL 2008). NREL’s study has predicted wind power density at 50 m above the ground. In order 
to make proper comparison the analysis were carried out by vertical extrapolation to the height of 
50 m, referred here as synthesized 50. The comparisons of two results are presented in table 6.1. 
Name of 
station 
Results from 
NREL (Wind 
Power Class) 
Wind Power 
Density Range 
at 50 m (W/m
2
) 
Results from Current 
Analysis Wind Power 
Density at 50m (kW/m2) 
Results from 
Current Analysis 
Mean Wind Speed 
at 50m (m/s) 
Gelephu 1 (poor) 0-200 131 4.71 
Kanglung 1(poor) 0-200 60 3.76 
Simtokha 1(poor) 0-200 48 2.59 
Tsirang 2 (marginal) 200-300 261 4.74 
Wangdi 2 (marginal) 200-300 266 5.19 
Table 6.1: Comparison of Results 
Wind power class of NREL is presented in table 6.2. 
Wind Power Classification 
Wind Power 
Class 
Resource Potential 
Wind Power Density at 
50 m (W/m2) 
Wind Speed at 50 m 
(m/s) 
1 Poor 0-200 0.0-4.4 
2 Marginal 200-300 4.4-5.0 
3 Fair 300-400 5.0-5.5 
4 Good 400-500 5.5-5.9 
5 Excellent 500-600 5.9-6.3 
6 Outstanding 600-800 6.3-7.0 
7 Superb > 800 >7.0 
Table 6.2: Wind Power Classification (Source: NREL 2009) 
 
Wind power class of NREL is extracted from the figure 2.5 where the colour coded values are 
given. From the above table there is good agreement between the two results. This is partly because 
the data used by the NREL and the new data for the analysis have been collected from the same 
stations, although at different heights. 
 
Data recovery rates in all the five stations are less than 86% which is of serious concern. The 
missing data are appearing continuously for several months which could be due to equipment 
failure or malfunction of data logger. There is no history about data collection for future reference. 
The placement of wind mast in the deep valley surrounded by thick vegetation is observed in one of 
the stations. It is a clear indication that they do not have specific wind energy program objectives. 
They have not done any preliminary site investigation as recommended by NREL’s Wind Resource 
Assessment Handbook. This can also be attributed to lack of trained personnel in the wind resource 
assessment and wind energy systems. The study has found that in all the five stations the basic 
parameters required for wind resource assessments are collected. Wind speed and wind direction 
sensors are placed at 20 m height above the ground in all the stations. It is also observed there is just 
one sensor for all the basic parameters. The sampling intervals are found to 10 minutes in all the 
five stations, which is in line with the NREL documents. 
 
There is serious lack of support from the government to encourage wind energy utilisation in 
Bhutan because the wind resource is unknown at the moment. Government of Bhutan has been 
emphasising on hydropower development because of its revenue through export to India and has 
neglected all other sources of renewable energy. Wind energy is not considered as an option even 
for the electrification rural villages which are often located far from electricity grid. Despite the 
high cost of grid extension, Royal Government of Bhutan has continued with grid extension for 
rural electrification with the external loan and grant.   
 
From the analysis of data, it was observed that the average wind speed obtained at five different 
locations were almost about one third of the rated average wind velocity required for maximum 
power production by most wind turbines. This gives an indication that the average wind energy for 
power prediction potential is low. It is because an average wind speed in the range of 0-2 m/s 
dominated most of the time during the entire period of data logging. In addition, it was observed 
that the wind flow started accelerating to a high speed only after the sun rise during the day time. In 
the night, in most of the locations, the wind speed was low or almost calm. Looking at this 
behaviour of wind profile, it can be stated that the possibility of harnessing power exists only during 
the day time, while most of the time at night, wind turbine may remain idle.  
The average wind speeds are very low for Simtokha and Kanglung with 2.31m/s and 3.36m/s 
respectively. The cut-in velocity for wind turbines is in the range of 2-4m/s depending on the 
turbine design. Comparing the average wind speed obtained and the cut-in velocity, it can be stated 
that these locations are not suitable for economic energy generation. For other locations where the 
average velocity does exist above 4m/s and these locations should be studied in detail. Further, the 
same wind profile indicates that power density at 50m above ground is low. The range of power 
densities varied from the lowest at 48 W/m
2
 to the highest at 266 W/m
2
 at different locations and 
the estimated corresponding average net power output was low. This is mainly because of the wind 
turbine operating most of the time very near to the cut-in velocity where power production is very 
low. For Gelephu, sudden dips in the wind speed profile were consistently observed during the day 
at a particular time. This could be due to obstacles or a sheltering effect coming in between the 
wind direction and the measuring instrument though the wind direction study indicated that wind 
flowed from every direction. Further careful study including a physical site survey is needed to 
determine the wind speed profile and power prediction more accurately.  
 
The analysed data were based on roughness assumptions due to lack of multiple anemometers on 
the mast. It is recommended that another instrument be mounted to measure the wind speed at a 
second location on the same wind mast. This will help to determine the surface roughness and 
improve the quality of the analysis substantially. Also, it is recommended to reprogram the data 
logger after retrieval of the data because huge amount of data were lost. It is essential to conduct 
complete site survey throughout the country consulting with the local residents about the frequency 
of wind prevailing within their locality for wind resource estimation. The site surveys have to be 
based on the past experiences shared through the local communities and Dzongkhag administration. 
Such study will help to identify an appropriate windy location for recourse assessment with 
minimum expenditure. Further, this activity will help to relocate the measuring instruments from 
non-viable areas to the other locations which might have better potential in terms of wind power 
generation. The daily average wind profile and Weibull probability distribution function correlate 
and fit quite well in the analysis for Gelephu, Kanglung and Simtokha, while the shape and the size 
parameters gets distorted completely for Tsirang and Wangdi. The shape of Weibull gives an 
intuition of potential site for marginal power production using slow wind speed turbines without 
considering economic viability. Therefore, it is essential to keep monitoring and analysing the data 
using advanced simulation tools for one year and thereafter probably relocating the measurement 
site after experts’ judgment if proves not viable. Moreover, the constant surface roughness of 0.01 
meter has been assumed in the calculation since the wind data are not available for more than one 
height on the wind mast to derive a suitable value. The sheltering and orographic effects have to be 
studied.  
 
This preliminary analysis is neither comprehensive nor conclusive as it doesn’t address the 
economics of wind power generation in Bhutan. The rugged mountainous terrain, the difficulty of 
transportation, mounting of crane and other accessories will have significant influence on the 
economic viability of harnessing wind energy. In addition, the data available for analysis are not 
very good because many data are missing continuously which is inadequate to draw sensible 
conclusion. Further detailed study is required including mounting the required measuring 
instruments at different heights and using advanced simulation tools for analysis. Moreover, it is 
also required to analyse the seasonal variation and study the detailed wind profile for winter 
months. This is important because the power from alternate energy sources is essential during the 
lean river flow seasons to enhance the energy security in the country. If a location proves better for 
power generation during winter months than the mean annual average, then it is reasonable to 
choose these locations than one with a better annual average. This will better offset national energy 
security issues and improve the overall reliability of the national power production and supply 
system.  
  
 
  
7. CONCLUSIONS AND RECOMMENDATIONS 
 
The study aimed to analyse the wind data from Bhutan for a preliminary assessment of its wind 
resource potential and to determine the method of monitoring campaign. The study has indicated 
that there is possibility of harnessing wind energy in certain places in Bhutan. National Renewable 
Energy Laboratory’s (NREL) study on wind resource mapping of Bhutan also showed the similar 
results. For stations like Tsirang and Wangdi where there is marginal wind resource, further study is 
recommended. Further careful study including a physical site survey is needed to determine the 
wind speed profile and power prediction more accurately.  
Windographer has proved to be the best preliminary wind data analysis software among all the 
available tools for the analysis. Vertical extrapolation feature of the windographer has enabled the 
analysis to compare with that of NREL study. Attractive outputs from the windographer in the form 
of wind roses, graphs and tables have made the analysis more comprehensive. It is the perfect way 
of presenting the results in the form of graphs, table and wind roses, which can be exported easily 
from the windographer. However, for the long term wind energy prediction other advanced tools 
may be explored. 
The notable observation made in the wind monitoring campaign of Bhutan is the location of wind 
mast. Wind masts are erected in the old meteorological stations. Choosing proper location of wind 
mast after consulting the experts in wind energy is recommended. If the chosen site is the most 
windy area then vegetation around the wind monitoring site should be removed.  The other 
deficiency of wind data monitoring campaign of Department of Energy (DOE) of Bhutan is the data 
handling. DOE cannot afford to lose valuable data continuously for several months. Importance of 
high quality data for accurate analysis has to be shared with the field officials of Department of 
Energy. The loss of data for several months shows negligence on the part of field personnel. It is 
recommended to train the field workers on proper maintenance and recording of data. DOE should 
also aim to recruit capable people having knowledge about the wind energy systems including wind 
monitoring campaign. 
All the five wind masts in Bhutan have just one anemometer so the surface roughness was assumed 
in all the cases. The surface roughness characterizes the wind shear, the change in wind speed with height 
above ground. It is recommended that another instrument be mounted to measure the wind speed at a 
second location on the same wind mast. This will help to determine the surface roughness and 
improve the quality of the analysis substantially. It is essential to conduct complete site survey 
throughout the country consulting with the local residents about the frequency of wind prevailing 
within their locality for wind resource estimation. The site surveys have to be based on the past 
experiences shared through the local communities and Dzongkhag administration. Such study will 
help to identify an appropriate windy location for recourse assessment with minimum expenditure. 
Further, this activity will help to relocate the measuring instruments from non-viable areas to the 
other locations which might have better potential in terms of wind power generation.  The 
sheltering and orographic effects have to be studied. It is essential to analyse the seasonal variation 
and study the detailed wind profile for winter months. This is important because the power from 
other renewable like wind energy sources is necessary during the lean river flow seasons to enhance 
the energy security in the country. This will better offset national energy security issues and 
improve the overall reliability of the national power production and supply system.  
 References 
ABARE (2009). Wind Energy- Ch-9. Australian Bureau of Agricultural and Resource Economics. 
http://www.abare.gov.au/publications_html/energy/energy_10/ch_9.pdf   (accessed March 2, 2011) 
 
ADB (2010). Bhutan: Energy Sector.  Asian Development Bank 
http://www.adb.org/Documents/Evaluation/Learning-Curves/SAPE/LC-SAPE-Energy-Bhu.pdf 
(accessed September 18, 2011). 
 
ADB (2011). Preparing the Rural Renewable Energy Development Project. Asian Development 
Bank. http://www.adb.org/Documents/TARs/UZB/39598-UZB-TAR.pdf (accessed November 17, 
2011) 
 
Bhutan Power Corporation Limited. Electricity tariffs. http://www.bpc.bt/utilities/electricity-tariffs 
(accessed September 2, 2011). 
 
Boyle, G., Everett, B., and Ramage, J. 2003. Energy Systems and Sustainability: Power for a 
Sustainable Future, Oxford University Press and Open University. 
 
Cowlin, S., Heimiller, D (2009). Potential for Development of Solar and Wind Resource in Bhuta. 
National Renewable Energy Laboratory, USA. 
 
Day, R.A. 1994. How to Write & Publish a Scientific Paper. 4
th
 ed.  Phoenix: Oryx Press 
 
Derrick, A (1993). Development of the Measure Correlate Predict Strategy for Site Assessment, 
Proceedings of the European Community Wind Energy Conference, Lübeck-Travemünde, 
Germany, 8-12 March, 1993, pp.681-685 
 
DOE (2009). Overview of Energy Policies of Bhutan. Thimphu, Department of Energy: Ministry of 
Economic Affairs. 
 
DOE (2005). Bhutan Energy Data Directory. Thimphu, Department of Energy, 
Ministry of Economic Affairs.  
Dubey, S.D. (1967). Normal and Weibull Distributions. Naval Reserve Logistics Quarterly, Vol 14, 
pp 69-70. 
 Gyeltshen, M. (2006). Distributed Renewable Energy systems for Rural Village 
Electrification. Energy and Industry Section, Delft University of Technology. Master 
of Science. 
International Energy Agency. World Energy Outlook-2006 Edition. 
http://www.worldenergyoutlook.org/2006.asp (accessed March 14, 2011) 
 
JICA (2005). Integrated Master Plan Study for the Dzongkhag-wise Electrification in 
Bhutan. Japanese International Cooperation Agency.  
 
Landberg, L. and Mortensen, N.G. (1993) A Comparison of Physical and Statistical Methods for 
Estimating the Wind Resource at a Sit. Proceedings of the 15th British Wind Energy  Association 
Conference, York, Great Britain, 6-8 October, 1993, pp. 119-125 
 
Landberg, L., Mortensen, N.G., Rathmann, O. and Myllerup, L. (2004) Wind Atlas Analysis and 
Application Program: WAsP 8 Version 8.1, Help Facility 
 
Manwell, J.F, McGowan, J.G and Rogers, A.L., (2002).Wind Energy Explained - Theory, Design 
and Application, John Wiley & Sons, UK 
 
Mistaya Engineering Inc. Windographer. http://www.mistaya.ca/windographer/overview.htm 
(accessed March 15, 2011) 
 
Mortensen, N.G. and Petersen, E.L. (1997) Influence of Topographical Input Data on the Accuracy 
of Wind Flow Modelling in Complex Terrain. Proceedings of European Community Wind Energy 
Conference, Dublin, Ireland, 6-9 October, 1997, pp317-320 
 
NREL (2008). Bhutan Wind Resource Mapping. National Renewable Energy Laboratory, USA 
Nhttp://www.nrel.gov/international/pdfs/ra_bhutan_wind_methods_final.pdf (accessed April 8, 
2011) 
 
NREL (2009). Resource Maps and Toolkit for Bhutan. National Renewable Energy Laboratory, 
USA. 
www.nrel.gov/applying_technologies/ra_bhutan.html (accessed October 19.2011) 
 
NREL (1997). Wind Resource Assessment Handbook: fundamental for conducting successful 
monitoring program. National Renewable Energy Laboratory, Cole Boulevard Golden. 
 
NSB (2010). National Statistical Yearbook of Bhutan. National Statistics Bureau, Thimphu.  
 
Omer, A. M. (2006). On the wind Energy resources of Sudan. Renewable and Sustainable Energy 
Reviews, Vol 12, pp 2117-2139. 
 
RED (2006). National Renewable Energy Policy and Program for Sustainable 
Development (Draft Final Report). Thimphu, Renewable Energy Division, 
Department of Energy, Bhutan. 
 
Tamang, B (2011) Managing Director’s Address on BPC day. http://www.bpc.bt/mds-address-on-
9th-bpc-day (accessed October 14, 2011) 
 
Tshering, S. (2007). Hydropower changing Bhutan's economy. Emerging investment 
opportunities in South Asian Power Sector, New Delhi. 
 
Whale, J. (2011). Wind Energy- Origin and Distribution. Lecture Notes. Renewable Energy 
Resources. Murdoch University. 
 
Whale, J. (2011). Wind Energy- Wind Measurement System. Lecture Notes. Renewable Energy 
Resources. Murdoch University. 
 
Whale, J. (2011). Wind Data- Analysis and Statistics. Lecture Notes. Renewable Energy Resources. 
Murdoch University. 
 
Whale, J. (2011). Wind Resource Assessment Methodologies. Lecture Notes. Renewable Energy 
Resources. Murdoch University 
 
Wegley, H., L., Ramsdell, J., V., Orgill, M., M., and Drake, R., L. 1980). A Siting Handbook for 
Small Wind Energy Conversion Systems. Pacific Northwest Laboratory, Richland, Wanshington, 
99352, Windbook. 
 
 Appendi : Tables of Data set Summary and Wind Speed Sensors Summary 
1. Gelephu 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 9.1 
 
Wind Speed Sensor Summary of Gelephu 
Variable  Synthesized 
50m  
Max Wind 
Speed  
Ave 
Wind 
Speed  
Min 
Wind 
Speed  
Height above ground (m)  50 20 20 20 
Mean wind speed (m/s)  4.71 6.73 4.32 2.26 
Median wind speed (m/s)  4.47 6.8 4.1 0.8 
Min wind speed (m/s)  0.87 0.8 0.8 0.8 
Max wind speed (m/s)  26.73 35 24.5 12.8 
Mean power density (W/m²)  131 294 101 29 
Mean energy content (kWh/m²/yr)  1,145 2,573 882 255 
Energy pattern factor  2.101 1.624 2.102 4.224 
Weibull k  1.76 2.302 1.76 1.226 
Weibull c (m/s)  5.29 7.54 4.85 2.44 
1-hr autocorrelation coefficient  0.569 0.518 0.569 0.597 
Diurnal pattern strength  0.204 0.09 0.204 0.485 
Hour of peak wind speed  23 20 23 24 
Mean turbulence intensity  <n/a>  <n/a>  <n/a>  <n/a>  
Standard deviation (m/s)  2.75 3.03 2.52 2.01 
Coefficient of variation (%)  58.3 45 58.3 88.7 
Frequency of calms (%)  0 0 0 0 
Possible records  87,766 87,766 87,766 87,766 
Valid records  74,950 74,950 74,950 74,950 
Missing records  12,816 12,816 12,816 12,816 
Data recovery rate (%)  85.40 85.40 85.40 85.40 
Table 9.2 
 
 
Data Set Summary of Gelephu 
Variable  Values  
Latitude  N 26° 54' 26"  
Longitude  E 90° 25' 15"  
Elevation  375 m  
Start date  1/05/2009 0:00 
End date  31/12/2010 23:50 
Duration  20 months  
Length of time step  10 minutes  
Calm threshold  0 m/s  
Mean temperature  21.2 °C  
Mean pressure  973.3 mbar  
Mean air density  1.187 kg/m³  
Power density at 50m  131 W/m²  
Wind power class  1 (Poor)  
Power law exponent  0.066 
Surface roughness (assumed)  0.00000834 m  
2. Kanglung 
 
Data Set Summary of Kanglung 
Latitude  N 27° 16' 7.000"  
Longitude  E 91° 30' 36.000"  
Elevation  1930 m  
Start date  1/01/2010 0:00 
End date  17/03/2011 19:40 
Duration  14.5 months  
Length of time step  10 minutes  
Calm threshold  0 m/s  
Mean temperature  14.4 °C  
Mean pressure  79.42 kPa  
Mean air density  0.963 kg/m³  
Power density at 50m  60 W/m²  
Wind power class  1 (Poor)  
Power law exponent  0.111 
Surface roughness (assumed)  0.00369 m  
Table 9.3 
 
Wind Speed Sensor Summary of Kanglung 
Variable  Synthesised 
50 m  
Ave Wind 
Speed  
Min Wind 
Speed  
Max Wind 
Speed  
Height above ground (m)  50 20 20 20 
Mean wind speed (m/s)  3.76 3.36 1.97 4.87 
Median wind speed (m/s)  3.7 3.3 1.9 4.6 
Min wind speed (m/s)  0.45 0.4 0.4 0.4 
Max wind speed (m/s)  13.22 11.8 8.4 20.6 
Mean power density (W/m²)  60 43 11 124 
Mean energy content 
(kWh/m²/yr)  
526 374 94 1,088 
Energy pattern factor  2.358 2.358 2.939 2.243 
Weibull k  1.463 1.463 1.278 1.61 
Weibull c (m/s)  4.13 3.69 2.12 5.41 
1-hr autocorrelation coefficient  0.751 0.751 0.622 0.784 
Diurnal pattern strength  0.378 0.378 0.306 0.421 
Hour of peak wind speed  15 15 16 15 
Mean turbulence intensity  <n/a>  <n/a>  <n/a>  <n/a>  
Standard deviation (m/s)  2.45 2.19 1.48 2.98 
Coefficient of variation (%)  65.2 65.2 75.5 61.2 
Frequency of calms (%)  0 0 0 0 
Possible records  60,224 60,224 60,224 60,224 
Valid records  47,120 47,120 47,120 47,120 
Missing records  13104 13104 13104 13104 
Data recovery rate (%)  78.24 78.24 78.24 78.24 
Table 9.4 
 
 
 
 
 
 
 
 
 
 
 3. Simtokha 
 
Data Set Summary of Simtokha 
Variable  Values  
Latitude  N 27° 26' 49.000"  
Longitude  E 89° 40' 31.000"  
Elevation  2309 m  
Start date  1/05/2010 0:00 
End date  9/03/2011 10:50 
Duration  10.3 months  
Length of time step  10 minutes  
Calm threshold  0 m/s  
Mean temperature  13.4 °C  
Mean pressure  1,021 mbar  
Mean air density  1.121 kg/m³  
Power density at 50m  48 W/m²  
Wind power class  1 (Poor)  
Power law exponent  0.0538 
Surface roughness (assumed)  0.000000267 m  
Table 9.5 
 
Wind Speed Sensor Summary of Simtokha 
Variable  Synthesized 50 
m  
Ave Wind 
Speed  
Min Wind 
Speed  
Max Wind 
Speed  
Height above ground (m)  50 20 20 20 
Mean wind speed (m/s)  2.59 2.31 0.98 4.11 
Median wind speed (m/s)  1.79 1.6 0.4 3 
Min wind speed (m/s)  0.45 0.4 0.4 0.4 
Max wind speed (m/s)  15.58 13.9 8.4 20.6 
Mean power density (W/m²)  48 34 4 155 
Mean energy content (kWh/m²/yr)  424 301 34 1,356 
Energy pattern factor  4.562 4.563 6.762 3.673 
Weibull k  1.144 1.144 1.174 1.268 
Weibull c (m/s)  2.73 2.44 1.06 4.44 
1-hr autocorrelation coefficient  0.762 0.761 0.55 0.817 
Diurnal pattern strength  0.853 0.853 0.717 0.819 
Hour of peak wind speed  16 16 16 16 
Mean turbulence intensity  <n/a>  75.603 <n/a>  <n/a>  
Standard deviation (m/s)  2.37 2.12 1.03 3.35 
Coefficient of variation (%)  91.5 91.5 105.2 81.6 
Frequency of calms (%)  0 0 0 0 
Possible records  44,994 44,994 44,994 44,994 
Valid records  31,890 31,890 31,890 31,890 
Missing records  13,104 13,104 13,104 13,104 
Data recovery rate (%)  70.88 70.88 70.88 70.88 
Table 9.6 
 
 
 
 
 
 
 
 
 
  
4. Tsirang 
 
Data Set Summary of Trisang 
Variable  Values  
Latitude  N 27° 0' 57.000"  
Longitude  E 90° 7' 32.000"  
Elevation  1550 m  
Start date  1/05/2010 0:00 
End date  3/05/2011 16:50 
Duration  17 months  
Length of time step  10 minutes  
Calm threshold  0 m/s  
Mean temperature  18.3 °C  
Mean pressure  847.9 mbar  
Mean air density  1.022 kg/m³  
Power density at 50m  261 W/m²  
Wind power class  2 (Marginal)  
Power law exponent  0.0797 
Surface roughness (assumed)  0.000113 m  
Table 9.7 
 
 
Wind Speed Sensor Summary of Tsirang 
Variable  Synthesized 
50 m  
Average Wind 
Speed  
Min Wind Speed  Max Wind 
Speed  
Height above ground (m)  50 20 20 20 
Mean wind speed (m/s)  4.74 4.23 2.13 6.87 
Median wind speed (m/s)  2.35 2.1 0.8 5.1 
Min wind speed (m/s)  0.9 0.8 0.8 0.8 
Max wind speed (m/s)  23.98 21.4 13.6 28.2 
Mean power density (W/m²)  261 186 30 626 
Mean energy content (kWh/m²/yr)  2,286 1,625 261 5,486 
Energy pattern factor  4.878 4.879 6.158 3.857 
Weibull k  1.014 1.014 1.089 1.068 
Weibull c (m/s)  4.77 4.26 2.21 7.04 
1-hr autocorrelation coefficient  0.794 0.795 0.648 0.818 
Diurnal pattern strength  0.774 0.774 0.69 0.715 
Hour of peak wind speed  16 16 16 16 
Mean turbulence intensity  <n/a>  <n/a>  <n/a>  <n/a>  
Standard deviation (m/s)  4.67 4.16 2.23 6.03 
Coefficient of variation (%)  98.4 98.4 105 87.8 
Frequency of calms (%)  0 0 0 0 
Possible records  52,950 52,950 52,950 52,950 
Valid records  44,166 44,166 44,166 44,166 
Missing records  8,784 8,784 8,784 8,784 
Data recovery rate (%)  83.41 83.41 83.41 83.41 
Table 9.8 
 
 
 
 
 
  
 
5. Wangdi 
 
Data Set Summary of Wangdi 
Variable  Values  
Latitude  N 27° 29' 12"  
Longitude  E 89° 54' 30"  
Elevation  1180 m  
Start date  1/06/2009 10:10 
End date  30/12/2010 1:50 
Duration  18 months  
Length of time step  10 minutes  
Calm threshold  0 m/s  
Mean temperature  21.6 °C  
Mean pressure  657.8 mbar  
Mean air density  0.778 kg/m³  
Power density at 50m  266 W/m²  
Wind power class  2 (Marginal)  
Power law exponent  0.16 
Surface roughness (assumed)  0.0605 m  
Table 9.9 
 
 
Wind Speed Sensor Summary of Wangdi 
Variable  Synthesised 
50 m  
Ave Wind 
Speed  
Min Wind 
Speed  
Max 
Wind 
Speed  
Height above ground (m)  50 20 20 20 
Mean wind speed (m/s)  5.19 4.05 1.44 7.96 
Median wind speed (m/s)  2.93 1.1 0.8 4.2 
Min wind speed (m/s)  0.86 0.8 0.8 0.8 
Max wind speed (m/s)  26.35 23.3 12.8 40.1 
Mean power density (W/m²)  266 162 9 1,047 
Mean energy content (kWh/m²/yr)  2,328 1,422 77 9,175 
Energy pattern factor  4.957 6.363 7.701 5.425 
Weibull k  0.997 0.914 3.185 0.825 
Weibull c (m/s)  5.18 3.87 2.97 7.17 
1-hr autocorrelation coefficient  0.869 0.864 0.66 0.875 
Diurnal pattern strength  1.017 1.103 0.72 1.112 
Hour of peak wind speed  11 11 10 11 
Mean turbulence intensity  <n/a>  <n/a>  <n/a>  <n/a>  
Standard deviation (m/s)  5.13 4.48 1.53 8.41 
Coefficient of variation (%)  98.7 110.6 106.3 105.7 
Frequency of calms (%)  0 0 0 0 
Possible records  78,840 78,840 78,840 78,840 
Valid records  58,667 58,667 58,667 58,667 
Missing records  20,173 20,173 20,173 20,173 
Data recovery rate (%)  74.41 74.41 74.41 74.41 
Table 9.10 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
